as hold-up is one of the most important parameters characterizing the hydrodynamics of bubble columns. A study is presented about the gas hold-up in gas-liquid slugging columns. Expansion of liquid columns is measured for a wide range of super®cial velocities of bubbling gas, and the data are compared with available theory. The experiments were performed with liquids of different kinematic viscosities, in columns of 22 mm, 32 mm and 52 mm internal diameters and the initial liquid heights were greater than 2.5 m.
INTRODUCTION
When gas and liquid¯ow in a pipe, over certain ranges of¯owrates, a¯ow pattern develops in which sequences of long bubbles almost ®lling the pipe cross section are successively followed by liquid. The long bubbles are frequently referred to as Taylor bubbles or Dumitrescu bubbles and the gas-liquid¯ow pattern is usually called slug¯ow. This two-phase¯ow is found in numerous industrial processes, such as: air-lift bioreactors, transportation of hydrocarbons in pipelines, production of steam and water in geothermal power plants, boiling and condensation in liquid-vapour systems of thermal power plants, core cooling of nuclear reactors and heat and mass transfer between gas and liquid in chemical reactors 1 . In particular, the study of slugging in aerated columns is an important topic to air-lift reactors, which are widely used in the chemical industry, water treatment apparatus in wastewater engineering and in biotechnological processes.
The slug¯ow pattern is characterized by long bubbles, with different sizes and velocities, rising in a random-like way through a¯owing liquid, which is sub-divided into compartments of inconstant length. This complex and unsteady structure has been studied over the past twenty years using two different approaches.
· The ®rst approach is based on the equivalent unit-cell concept, introduced by Wallis 2 and developed by Duckler and Hubbard 3 for horizontal¯ow and by Fernandes et al. 4 for vertical¯ow. The¯ow is sub-divided in a sequence of unit-cells, each unit involving a long bubble with a liquid ®lm¯owing around it, plus the region of liquid owing behind the bubble. The bubble and liquid lengths in each cell depend on overtaking mechanisms (coalescence) or fragmentation of long bubbles.
· The second approach is based on a heuristic analysis of the¯ow, introduced by Fabre et al. 5 and Ferschneider 6 for horizontal slug¯ow and by Line Â 7 for vertical sluḡ ow. The¯ow structure is understood as a kinematic wave propagating at a given velocity and characterized by an intermittency function. The wavelength scale depends on the entrance mechanism (section where the bubbles are formed) and on bubble length evolution by coalescence and fragmentation.
The principal difference between these models is related to the dependence of the¯ow structure on the way the bubbles are formed (entrance mechanism). The ®rst model supposes a fully developed structure independent of the entry conditions, while the second supposes that the¯ow structure depends on the entrance effect. More information about bubble interactions along the column, and particularly about coalescence mechanisms will certainly shed some light into slug¯ow modelling.
Over the years, some works have been carried out on the interaction of bubbles and coalescence, namely those of Moissis 15± 17 stressed the idea that the¯ow structure of the liquid wake attached to the rear of a leading bubble determines the merging process of two interacting bubbles, for vertical slug¯ow.
Campos and Guedes de Carvalho 13 characterized the bubble wake regarding its¯ow pattern and size. The authors determined values of the wake length and wake volume through a photographic study for suf®ciently long Taylor bubbles rising in vertical stagnant columns of liquid. They concluded that the¯ow pattern in the wake depends on the dimensionless parameter N f g 1/2 D 3/2 /n (g is the acceleration due to gravity, D the internal diameter of the column and n the liquid kinematic viscosity). Three different patterns were observed.
· Type I (Figure 1 (a)) Ðclosed axisymmetric wake (laminar wake) for N f < 500.
The wake has an internal toroidal vortex, with the vortex ring placed in a plane perpendicular to column axis, and a well-de®ned boundary.
· Type II (Figure 1(b) ) Ðclosed and unaxisymmetric wake (transitory wake) for 500 < N f < 1500.
The vortex ring shows a periodic undulation and vortex shedding is observed. As a result the liquid¯ow around and below the bubble is neither steady nor axisymmetric.
· Type III (Figure 1(c) ) Ðopen wake (turbulent wake) for N f > 1500.
The interaction between the liquid ®lm falling around the bubble and the liquid rising in the wake is no longer stabilized by the viscous forces and formation of irregular turbulent eddies is observed. The wake does not have a well-de®ned boundary.
Pinto and Campos 14 used fast response differential pressure transducers to monitor the movement of rising Taylor bubbles in vertical columns with no net liquid ow. The authors concluded that the minimum distance between bubbles above which there is no interaction is related to the¯ow pattern in the liquid wake behind the leading bubble. The authors observed for two consecutive bubbles:
i) a rapid increase in the velocity of the trailing bubble if it rises inside the wake of the leading one; ii) a slower increase in the velocity of the trailing bubble if it rises in the zone where the liquid coming from the wake of the leading one recovers its initial condition (motionless liquid).
Pinto et al. 15 studied the coalescence of two Taylor bubbles rising in a co-current¯owing liquid in vertical columns. For the conditions studied, the¯ow pattern in the bubble's wake was turbulent and the¯ow regime in the main liquid was either laminar or turbulent (the main liquid is the liquid between the wake boundary of the leading bubble and the nose of the trailing one).
The authors concluded that when both regimes are turbulent, the minimum distance between bubbles above which there is no interaction is about 5D. According to previous studies, more than one half of this length is occupied by the turbulent wake. The length, below the wake, needed to restore the turbulent pro®le (i.e. the reattachment pro®le region) is very short.
When the¯ow regime in the main liquid is laminar and in the wake is turbulent, two different situations occur: i) if the ratio between the average velocity in the fully developed liquid ®lm around the bubble and the liquid super®cial velocity, u d /U L , is greater than 25, coalescence is observed and the minimum distance above which there is no interaction (i.e. the minimum stable length between bubbles) is about 10D; ii) if the value of u d /U L is lower than 25, and the initial distance between bubbles is greater than the wake length of the leading one, the distance between the bubbles increases during their rise and coalescence is not observed.
These different behaviours were explained by the shape of the liquid velocity pro®le emerging from the turbulent wake of the leading bubble: i) when the velocity pro®le in the liquid emerging from the wake is somewhere over the cross-sectional area of the column, an upward velocity greater than the maximum velocity in the undisturbed laminar liquid ow ahead of the leading bubble, the distance between the two consecutive bubbles decreases and bubbles coalesce; ii) when the velocity pro®le in the liquid emerging from the wake is uniform or almost uniform, the velocity of the trailing bubble travelling in the reattachment pro®le region is always lower than the undisturbed velocity of the leading bubble (i.e. the velocity of an individual bubble rising in the column) and the distance between bubbles increases. The length needed to restore the laminar velocity pro®le in the main liquid is about 25 D (including the wake length, which is about 5 to 6 D).
Pinto et al. 16 performed an identical study but with a laminar¯ow regime in the wake and in the main liquid between bubbles. They concluded that the minimum distance between bubbles above which there is no interaction is 3D to 5D; this conclusion is similar to that obtained with turbulent¯ow either in the main liquid or in the wake. Once again, a signi®cant part of the minimum stable length is occupied by the wake of the leading bubble, and therefore a short distance is needed to restore the laminar velocity pro®le in the main liquid.
Pinto et al. 16, 17 reported studies in a slugging vertical column with gas and liquid¯owing co-currently. The authors determined the mean values for the rising bubble velocity, the bubble length and for the distance between consecutive bubbles, using differential pressure transducers as experimental technique. The obtained results con®rmed most of the conclusions of the preceding studies.
These studies about the mechanism of bubble coalescence and¯ow patterns in the bubble's wake are important in the characterization of the gas hold-up in vertical slugging columns. Gas hold-up is an important hydrodynamic parameter in the design of bubble columns and uidized beds, since it in¯uences all the processes involving heat and mass transport and chemical reaction. Although considerable attention has been devoted to the study of the gas hold-up in vertical columns with non-interacting bubbles 18 ±22 , very little has been done in columns with interacting bubbles. The present work tries to give a contribution to this unexplored subject.
THEORY
According to Nicklin et al. 18 , the absolute rise velocity of a Taylor bubble, U, in a vertical slugging column is expressed by:
where U C is the liquid velocity at the axis of the column ahead of the bubble and U S the velocity of an isolated bubble rising in the vertical column through a quiescent liquid.
The relation between U C and the liquid super®cial velocity (U L ) depends on the¯ow pattern in the main liquid and according to Nicklin et al. 18 in a non-interacting vertical column U C 2.0 U L when the¯ow regime is laminar and U C 1.2 U L when it is turbulent. More accurate relations for both regimes are suggested by Collins et al. 22 , but Nicklin's expressions are adequate for the purpose of this study and were con®rmed in the present work. From continuity, the average liquid velocity in a bubbling column is equal to the super®cial velocity of the gas fed at the injector, U G , and therefore U is given by:
with C 1.2 for turbulent regime and 2.0 for laminar regime.
The rise velocity of an individual Taylor bubble in a quiescent liquid may be expressed, according to White and Breadmore 23 , as U S a gD p with a 0.35 for bubbles rising in liquids of low or moderate viscosity, and a < 0.35 for high viscous liquids (surface tension is not important if the column diameter is larger than 20 mm). The relative velocity between bubbles and¯owing liquid, V, is then given by:
Matsen et al. 20 and Grace et al. 21 studied the expansion of liquids and¯uidized beds in slug¯ow. They assumed that all the bubbles rise at the same and constant velocity along the column and arrived at:
where H max is the maximum liquid height in the column and H 0 is the liquid height before slugging. After division by 0.35 gD p , equation (4) can be written as:
where x U G /0.35 gD p .
EXPERIMENTAL DETAILS
The experiments consisted of the measurement of H max and H min , the maximum and minimum liquid heights, in vertical columns operating in slug¯ow regime, over a wide range of super®cial gas velocities (0.05 m s 1 < U G < 0.46 m s 1 ) and liquid kinematic viscosities (10 ±6 m 2 s ±1 < n < 120´10 ±6 m 2 s ±1 ). The liquids used were water and aqueous glycerol solutions.
The experimental set-up is shown in Figure 2 
through a nozzle (3.0 mm of internal diameterÐpointing downwards, see Figure 2 ) axially located at the bottom of the column.
The temperature in the column was monitored during the experiments by means of two thermocouples, placed near the bottom of the column and at the top near the free surface of the liquid during bubbling. The temperature inside the column was maintained nearly uniform by means of a stream of cold water circulating in counter-current through a plastic tube placed around the acrylic column. The maximum temperature difference, between the bottom and the top of the column, observed during a test-run was about 0.58 C. The liquid viscosity at temperatures registered during experiments were measured with a rotating Brook®eld viscometer.
The measured initial liquid height in the columns, H 0 , was always greater than 2.5 m. The liquid heights during slugging¯ow, H max and H min , were visually determined by means of a scale attached to the column wall. The uncertainty associated with the experimental values of H max H 0 /H 0 was evaluated for all the tested conditions. This uncertainty was always less than 6% if an error of 6 50 mm is considered in the measured values of H max and H 0 .
The experiments were easy to perform, but special care was required to take the readings before any signi®cant emulsi®cation of the liquid took place.
The values of the kinematic liquid viscosity and super®cial gas velocity were selected to obtain different¯ow regimes in the wake of each bubble and in the main liquid, according to Pinto et al. 15 :
i) turbulent¯ows in the main liquid and in the wake of each bubble, Re U L > 4000 and Re V > 525; ii) laminar¯ow in the main liquid and turbulent¯ow in the wake of each bubble, Re U L < 2100 and Re V > 525; iii) laminar¯ows in the main liquid and in the wake of each bubble, Re U L < 2100 and Re V < 175.
The limits for the different¯ow patterns in the wake were established 15 supposing that they are determined only by Re V , and taking the experimental study of Campos and Guedes de Carvalho 13 for no net liquid¯ow (U L 0). In all the experiments performed the majority of the bubbles were long enough to have a fully developed liquid ®lm¯owing around the bubble. The bubble length needed to have a ®lm with a constant thickness was calculated for each experiment using the theoretical predictions of the model of Barnea 24 . All the presented values of H max H 0 /H 0 correspond to experiments with a mean bubble length (H max H min ), greater than these predictions. Values of H max H min from 3.5 to 37.0 column diameters (D) were measured.
RESULTS AND DISCUSSION
Experimental data of the gas hold-up, H max H 0 /H 0 , are plotted against x U G /0.35 gD p in Figures 3(a) , (b) and (c), for experiments in acrylic columns of 22 mm, 32 mm and 52 mm of internal diameter, respectively. The solid lines in these ®gures represent the predictions for the gas hold-up from equation (5) For the relatively high values of the initial liquid height, the pressure along the bubbling column cannot be considered constant and the values of x U G /0.35 gD p were calculated considering U G constant and equal to its value at the middle of the column. With bubbles rising along the column it is dif®cult to introduce a more accurate correction in order to account for the gas expansion effect.
Turbulent Flow in the Wake and in the Main Liquid
(Re V > 525; C 1.
2)
The work of Pinto et al. 17 gives the following picture of the¯ow structure in a bubbling column for turbulent ow in the wake and in the main liquid: a zone near the gas injector where there are strong interactions between bubbles (coalescence) and from there on a stabilized zone where the bubbles rise almost steadily at the velocity predicted from equation (2) with C 1.2. Values for the mean bubble velocity ( Å U ) were measured for different super®cial gas velocities, using differential pressure transducers 15 17 connected to the column with 32 mm internal diameter at 5 m above the continuous gas injection. These mean values of Å U obtained for sets of about 250-bubbles are plotted in Figure 4 and a good agreement with equation (2) for C 1.2 is observed; the error bars correspond to the standard deviations associated with each value of Å U. In long liquid columns (H 0 > 2.5 m), the increase in the bubble velocity during coalescence near the gas entrance should not affect appreciably the average bubble velocity in the column. This can be con®rmed by the plot in Figures 5(a) and (b) , where gas hold-up data are represented for increasing values of H 0 in columns of 32 mm and 52 mm internal diameter, respectively.
In Figures 3(a) , (b) and (c) the experimental data (open symbolsÐ TL; TW ) compare well with the predictions of equation (5) The picture of the¯ow structure given by Pinto et al. 16 for laminar¯ow in the wake and in the main liquid is similar to that of turbulent¯ow. However, a curious but well-known difference is that, for the same U G , the bubbles rise at a higher velocity when the liquid¯ow regime is laminar.
For the experimental conditions tested in the two larger columns it was not possible to have laminar¯ow in the bubble wake. The experimental data relative to experiments in the narrowest column are plotted in Figure 3 open symbols) and should be compared with the predictions of equation (5) with C 2. A mean positive deviation around 12% is observed. The presence of small bubbles in the liquid is probably the justi®cation for this discrepancy. The turbulence level in these experimental conditions is low near the entrance and very small bubbles are formed during the gas injection and in the coalescence processes. These small bubbles should have high residence times in the column and contribute to an increase in the experimental gas hold-up. This effect was con®rmed by cutting the bubbling air and comparing the actual liquid height (after the bursting of all the Taylor bubbles) with the liquid height before slugging; increases of 3% to 5% were observed which means increases in H max H 0 /H 0 around 6% to 12%. These conclusions are con®rmed by the data represented in Figures 3(a) , (b) and (c) for turbulent¯ow in the wake and laminar¯ow in the main liquid (full symbols ÐLL; TW ). The experimental gas hold-up for these conditions is higher than predictions from equation (5) with C 2.0, which means that the average bubble velocity is lower than expected.
Turbulent Flow in the
To reinforce this result a Taylor bubble velocity distribution is presented in Figure 6 for experiments performed with an aqueous glycerol solution (n 13. The discrepancy between gas hold-up data and predictions (Figures 3(a) , (b) and (c)) is more evident in columns of small diameter. For low values of D the contribution of U S 0.35 gD p to calculate the bubble velocity from equation (2) is small, for a speci®ed value of U G . As a result, the shape of the liquid velocity pro®le in the reattachment length, which determines the value of C to be used in equation (2) , has in this case great importance.
In the Introduction, it is mentioned that the liquid pro®le emerging from the turbulent wake of a leading bubble determines the velocity of the trailing one, and the lower the value of u d /U L the¯atter the emerging velocity pro®le. Pinto et al. 15 presented a method for the estimation of the ratio u d /U L . The value of this ratio depends on the bubble velocity, which in turn depends on the liquid velocity ahead of its nose. The only problem in computing u d /U L is what value of U must be considered to calculate u d . In this work the value of C ®tting the experimental gas hold-up was used in equation (2) in order to obtain the value of U. In Figure 7 , the deviation between the gas hold-up data and theoretical predictions for C 2 are plotted against the ratio u d /U L . According to the ®ndings of Pinto et al. 15 as u d /U L is lower, the deviation should be higher. This general trend is observed in Figure 7 .
CONCLUSIONS
The knowledge of gas hold-up in slug¯ow is important for the design and operation of transport systems and has a large application in hydrocarbon transportation. This parameter allows the prediction of the change in the liquid inventory in a pipeline with the operation conditions and also of the pressure drop. An experimental study of the gas hold-up in slugging columns is reported with curious results. The data obtained are discussed in the light of recent studies concerning coalescence of Taylor bubbles, performed by the authors.
The experiments were carried out in vertical columns of different internal diameters and the conditions used (several liquid kinematic viscosities and gas¯owrates) allowed both laminar and turbulent¯ow patterns in the main liquid and in the wake of the bubble. The relevant conclusions are:
· when the¯ow pattern in the main liquid and in the wake of each bubble are turbulent, a good agreement, in general, was observed between the values measured for the gas hold-up and the predictions obtained from the available theory for fully developed slug¯ow; · when the¯ow pattern in the main liquid and in the wake of each bubble are laminar, in general, a good agreement exists between data and predictions. For higher gas¯owrates positive deviations up to 12% were observed probably due to the existence of small bubbles with high residence times; · when the¯ow in the main liquid is laminar and in the wake of each bubble is turbulent the measured gas hold-up is greater than theoretical predictions from equation (5) with C 2.0. In these experimental conditions the values of the ratio between the average velocity in the fully developed ®lm around the bubbles and the liquid super®cial velocity, u d /U L , were always lower than 25. In this case, according to previous works developed by the authors the mean bubble velocity is under the expected value for laminar¯ow regime in the liquid and as a result the bubbles remain in the column for longer than predicted by theory, increasing the gas hold-up. 
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